Abstract. Tyrosinase-related protein 2 (TRP-2) is one of the most important members of the tyrosinase family, and is a key enzyme involved in melanin biosynthesis. In the present study, a skin transcriptome profile, immunohistochemistry, western blotting and reverse transcription-quantitative polymerase chain reaction were used to investigate TRP-2 expression in sheep with different coat colors, namely, black, white and black-white. TRP-2 was overexpressed in melanocytes in order to study the effect of TRP-2 on melanin production. Results revealed differing TRP-2 levels in sheep of different coat colors and in various parts of the coat with different colors in the same sheep. TRP-2 expression levels in dark-colored areas were significantly increased compared with light-colored areas in piebald sheep. TRP-2 overexpression may regulate melanogenesis and significantly increase melanogenesis associated transcription factor expression in vitro. Therefore, TRP-2 may affect melanin production in sheep, and different expression levels determine coat color. The results may provide novel approaches for developing therapeutic strategies for skin diseases associated with pigmentation disorders.
Introduction
The tyrosinase (TYR) gene family are derived from a common ancestor, subcategorized into TYR-related protein (TRP)-l and TRP-2 during evolution. TRP-1 and TRP-2 are members of the family of dinuclear copper-binding proteins and contain two highly conserved copper-binding regions (1) (2) (3) . TRP-1 and TRP-2 are similar to TYR, which also belongs to the TYR gene family, in terms of protein sequences, exhibiting the conserved structure of the TYR family (4, 5) . TRP-2 participates in the synthesis of melanin, which interacts with various proteins and is present in human and animal skin and hair, in addition to the bark of certain plants and insect shells. In animals with woolly coats, TRP-2 may serve an important role in the early stages of TYR catalytic activity in melanin formation and is one of the key enzymes involved in melanin synthesis. For certain diseases, including albinism and vitiligo, TRP-2 exhibits important research significance (6) .
TRP-2 contains at least eight exons and seven introns, and has a gene length of 60 kb. All of the eight exons code for the TRP-2 protein (7). The TRP-2 carboxyl-terminal and membrane structure domain serve a key role in melanosome production (8) . Valverde et al (9) demonstrated that the molecular weight of TRP-2 is 75 kDa. Dopa red pigment compounds may be isomerized to the colorless eumelanin medium, 5,6-dihydroxyindole-2-carboxylic acid (DHICA), by TRP-2, and hence, TRP-2 has been named dopachrome tautomerase (Dct) (10) . Of the relevant members of the family, TRP-2 directly participates in the regulation of melanin production and melanocyte growth, survival and function (11) . TRP-2 also controls the proportion of DHICA and 5,6-dihydroxyindole in melanocytes, which are important proteins that regulate animal coat color.
Current studies of TRP-2 focus on humans, mice, and rabbits. In humans, TRP-2 is a cytoplasmic antigen expressed in skin melanocytes and melanoma cells and is associated in the pathogenesis of vitiligo. TRP-2 autoantibodies may immunoreact with either TRP-2 or TYR as cross antigens, forming a solid foundation for research on the mechanism and treatment of vitiligo. In mice, studies on TRP-2 focus on its effect on melanin formation and thus its role in color regulation. Research has focused on white-coated, black-eyed iris rabbits for TRP-2 gene cloning and analysis. In the present study, the association between TRP-2 expression was investigated in sheep skin and various coat colors and the function of TRP-2 was determined via deep sequencing of skin transcriptome, immunohistochemistry, reverse transcription-quantitative polymerase chain reaction (RT-qPCR), cell transfection and western blotting. This work may provide a theoretical basis for research on the underlying regulatory mechanisms of animal coat color. During the study phases, the studied sheep were kept in the following conditions: 12 h light/dark cycle ratio, 25±2˚C, 50±5% humidity and acceptable ventilation conditions. In all stages, food and water were supplied freely to sheep. Following shaving and disinfection, nine Dorset sheep (Shanxi Hunyuan Sheep Yard, Jinzhong, China) were subjected to a skin biopsy using cutisectors. The sheep were all 1-year-old males and consisted of three sheep for each of the black, white and black-white coat colors. Every effort was made to minimize the suffering and number of animals used in the study. A total of 3 biopsies were collected from each of the black and white sheep, whereas three from dark-colored areas and three from light-colored areas were obtained in black-white sheep. A single sample was used for deep sequencing of skin transcriptome at Beijing Genomics Institute (Guangdong, China), one for RNA isolation and the last was fixed in 10% formalin overnight at 4˚C, processed, embedded in paraffin and sectioned at 5 µm thickness.
Materials and methods

Experimental
RNA preparation, PCR and RT-qPCR. Total RNA was isolated from 12 sheep skin samples using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc. Waltham, MA, USA). Total RNA concentrations were determined using a NanoDrop 2000 spectrophotometer (NanoDrop Technologies; Thermo Fisher Scientific, Inc., Pittsburgh, PA, USA), and electrophoresis performed using an 0.8% agarose gel to confirm the integrity of total RNA. Complementary strand cDNA was synthesized following the instructions of the reverse transcription kit (cat no. RR014A; Takara Biotechnology, Co., Ltd., Dalian, China). Following completion of RT, the samples were stored at -20˚C for later use. PCR was performed using these specific primers (Table I ) and an appropriate amount of cDNA (5 ng/µl) as the template. Conditions of the PCR were as follows: Preheating at 95˚C for 5 min, followed by 35 cycles of shuttle heating at 95˚C for 30 sec, annealing temperature at 60˚C for 30 sec and extending temperature at 72˚C for 20 sec. The PCR products were detected by 1% agarose gel electrophoresis: After running at 220 V for 10 min.
The levels of gene mRNA were measured using SYBR ® Premix Ex TaqTMII (Tli RNaseH Plus, cat no. DRR081A; Takara Biotechnology, Co., Ltd.). The cDNA synthesis for RT-qPCR analysis of TRP-2 expression in sheep skin was performed using the NCode mRNA q-RT-PCR kit, according to the manufacturer's protocol (Invitrogen; Thermo Fisher Scientific, Inc.). In brief, total RNA was polyadenylated using poly A polymerase and adenosine triphosphate. Complementary DNA was synthesized using the NCode universal reverse primer, and RT-qPCR was performed using a TRP-2 primer. All reactions were performed in triplicate on the Stratagene Mx3005P Real-Time QPCR system. Conditions for RT-qPCR were as follows: Preheating at 95˚C for 5 min, followed by 40 cycles of shuttle heating at 95˚C for 30 sec, annealing temperature at 60˚C for 30 sec, extending temperature at 72˚C for 20 sec. Quantification of TRP-2 transcriptional abundance was compared using the 2 -ΔΔCq cyclic thresholding method (13) , and the abundance of TRP-2 relative to 18S was determined. RT-qPCR was performed as previously described (14) (15) (16) (17) . All primer sequences are listed in Table I .
Immunohistochemical analysis. The optimal conditions for the immunohistochemistry procedure were previously described (18) (19) (20) . The present study used the streptavidin-biotin-enzyme complex (SABC) system and peroxidase (Biomeda staining kit; Dako, Agilent Technologies, Inc., Santa Clara, CA, USA), which is an indirect immunohistochemistry method using a streptavidin-biotin complex that allows signal amplification. Free-floating sections were washed in 0.1 M PBS and incubated in 3% hydrogen peroxide for 15 min at room temperature to block the activity of endogenous peroxidase. Following washing with 0.1 M PBS, the sections were boiled in 0.01 M citric acid for 10 min, followed by a 20 min immersion in PBS containing 5% bull serum albumin (cat no. C500626; Sangon Biotech, Co., Ltd., Shanghai, China) at 37˚C. The sections were incubated overnight at 4˚C with anti-TRP-2 (Dct H-150; cat no. sc-25544; 1:500; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and then at room temperature for 0.5 h. Following three washes in 0.1 M PBS for 5 min each, the sections were incubated with biotinylated anti-rabbit IgG as a secondary antibody (cat no. BA1003; 1:100; Wuhan Boster Biological Technology, Ltd., Wuhan, China) at 37˚C for 20-30 min. Following washing with PBS, the sections were incubated with avidin-biotin-peroxidase (1:200; SABC Elite; Wuhan Boster Biological Technology, Ltd.). The products of the immunoreaction were visualized by incubating the sections in a staining solution containing 0.04% 3,3'-diaminobenzidine, 0.06% hydrogen peroxide and 0.06% nickel sulfate at room temperature for 5-10 min. Nuclei were counterstained with hematoxylin at room temperature for 5 min, and the sections were observed under a light microscope (DM3000 b; Leica Microsystems GmBH, Wetzlar, Germany). For the negative controls, PBS was substituted for the primary antibody (21) .
Optical density of TRP-2 collection.
A total of 15 immunohistological sections were prepared for each coat color. Using the image analysis system Image-pro plus version 6. 0 (Media Cybernetics, Inc., Rockville, MD, USA) to check the staining intensity: Objects were counted and characterized using manual and automatic measurement tools, and optical density; objects of interest were noted and density parameters, negative staining=0, positive staining=1, were employed for analysis. Three positive TRP-2 data were collected from melanocytes for each section and were used for statistical analysis.
Expression vector construction for TRP-2. An oligonucleotide sequence corresponding to the TRP-2 sequence was synthesized and ligated into a mammalian expression vector, pLV. ExBi.P/Puro-CMV-eGFP-MCS-TYP2 by Cyagen Biosciences, Inc. (Guangzhou, China). The vector contained a cytomegalovirus promoter, which drives the expression of TRP-2 and green fluorescent protein (GFP). The TRP-2 sequence in the constructs was identical to the endogenous sequence. It was demonstrated that this plasmid was capable of simultaneously expressing TRP-2 and GFP in the present study. The GFP expression unit was used to monitor TRP-2 expression. The TRP-2 construct was transformed into Escherichia coli DH5α (cat. no. CW0808; CW Biotech, Beijing, China) and the positive colonies were verified by sequencing (Beijing Genomics Institute, Beijing, China).
Culture of sheep melanocytes and transfection of TRP-2.
The skin of newborn sheep was removed using sterile techniques and digested with 0.25% dispase II (cat no. 17105041; Thermo Fisher Scientific, Inc.) at 4˚C for 12-14 h. The epidermis was then separated from the dermis using scalpel and forceps, cut into sections, and treated with 0.05% trypsin-0.01% EDTA at 37˚C for 10 min. The melanocytes were seeded (4.5x10 6 cells/ml) in a melanocyte basal medium supplemented with 0.2 µg/ml cholera toxin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), 2.5 µg/ml fungizone (cat. no. V900919-1G; Sigma-Aldrich; Merck KGaA), 0.05 mg/ml gentamicin (cat. no. G1272; Sigma-Aldrich; Merck KGaA), 0.5 µg/ml hydrocortisone (cat. no. A610506; Sangon Biotech, Co., Ltd.), 50 µg/ml bovine pituitary extract (cat. no. 13028014; Invitrogen; Thermo Fisher Scientific, Inc.), 1 ng/ml basic fibroblast growth factor (cat. no. 13256029; Thermo Fisher Scientific, Inc.), 10 ng/ml tissue plasminogen activator (cat no. T0831; Sigma-Aldrich; Merck KGaA) and 5 µg/ml insulin (cat. no. I8040; Beijing Solarbio Science & Technology Co., Ltd., Beijing, China). The cell culture plate was coated with 0.01% rat tail collagen (cat. no. C7661; Sigma-Aldrich; Merck KGaA). Vector-TRP-2 and empty vector (pLV.ExBi.P/Puro-CMV-eGFP-MCS, Cyagen Biosciences, Inc.) transfections were performed at 60-80% cell confluence, in accordance with the operation manual of the kit (cat. no. 11668027; Thermo Fisher Scientific, Inc.); normal untransfected melanocytes served as a control. The transfection reagent was Lipofectamine ® and 3 ug/ml of each vector was used for transfection. Following 12 h of culture at 37˚C, the medium was replenished and the cells were observed under an inverted microscope (Leica Microsystems, Inc., Germany). The extracted cell Total RNA and proteins were subjected to RT-qPCR and western blot analysis, respectively.
Western blotting. Total protein was extracted from melanocytes by using a total protein extraction radioimmunoprecipitation assay lysis buffer (cat. no. CW23345; CW Biotech). Protein concentrations were measured using an Enhanced Bicinchoninic Acid Protein Assay kit (cat. no. P0009, Beyotime Institute of Biotechnology, Haimen, China) using pure bovine serum albumin (cat. no. ST023-50 g; Beyotime Institute of Biotechnology) as a reference. Extracts were denatured at 95˚C for 5 min. For 10% SDS-PAGE, 100 µg total protein sample was deposited in each well. The separated protein was transferred to a nitrocellulose membrane, which was blocked with 5% skim milk at room temperature for 1 h and then incubated with a TRP-2 mouse monoclonal antibody (TRP2 C9; 1:500; cat. no. sc-74439; Santa Cruz Biotechnology, Inc.) and a GAPDH rabbit polyclonal antibody as an internal reference (1:3,000; cat no. sc-25778; Santa Cruz Biotechnology, Inc.) at 4˚C overnight. To reveal TRP-2 interference in melanogenesis associated transcription factor (MITF), which is an important transcription factor located upstream of TRP-2 involved in the melanogenesis pathway that is associated with pigmentation, MITF protein expression levels (total and phosphorylated protein) were measured by incubating with a MITF mouse monoclonal antibody (MITF 21D1418; 1:200; cat. no. sc-52938; Santa Cruz Biotechnology, Inc.) at 4˚C overnight. On the second day, the membrane was transferred to room temperature for 30 min and washed three times In TBST with 0.1% Tween-20 for 10 min each. Horse radish peroxidase-conjugated anti-mouse IgG (1:10,000; cat. no. BA1001; Wuhan Boster Biological Technology, Ltd.) was added to cover the membrane and incubated at 37˚C with horizontal shaking for 1 h. Following washing six times with TBST for 5 min each, the membrane was developed using the highly sensitive, enhanced chemiluminescence solution (cat. no. CW00495; CW Biotech) consisting of solutions A and B at 1:1 ratio followed by film exposure. The resulting image was scanned. The TRP-2, MITF and GAPDH immunoblot results were analyzed using the Image-ProPlus version 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA) to measure the area and gray value of each target band. Semi-quantitative analysis was performed by comparing the target protein and the internal reference using the following equations: Protein content=area of the band x average gray scale; semi-quantitative target protein content=target protein content/GAPDH protein content. All data were presented as mean ± standard error. Univariate analysis of variance and a Tukey's post hoc test were performed using SPSS software, version 19.0 (IBM SPSS, Armonk, NY, USA), and P<0.05 was considered to indicate a statistically significant difference.
Determination of melanin content. Constitutive and TRP-2 over-expressive melanin contents were compared on the third day following transfection. Melanin content was determined as previously described (22) . Melanocytes were harvested, rinsed with PBS, and counted. Melanin was solubilized in 0.2 mol/l NaOH, resulting in a cell count of 10 6 cells/ml, and measured spectrophotometrically at an absorbance of 475 nm against a standard curve of known synthetic melanin (Sigma-Aldrich; Merck KgaA) concentrations. Melanin content was expressed as µg/10 6 cells. All experiments were performed in triplicate.
Statistical analysis. All experiments were performed in triplicate. Data are presented as the mean ± standard deviation. Differences in the protein abundance of TRP-2 in sheep skin samples of various coat colors were determined by univariate analysis of variance, followed by a Tukey's post hoc test using SPSS software, version 19.0 (IBM SPSS). P<0.05 was considered to indicate a statistically significant difference. 
Results
Transcriptome sequencing and analysis of black and white sheep skins.
A total of 74,533 and 90,006 unigenes were assembled from the reads obtained from black and white sheep skin, respectively. Genes encoding for the ribosomal proteins and keratin-associated proteins were the most highly expressed. A total of 2,235 known genes were differentially expressed in black versus white sheep skin, with 479 genes upregulated and 1,756 genes downregulated. A total of 845 novel genes were differentially expressed in black sheep skin compared with white sheep skin, 107 of which were upregulated, including 2 highly expressed genes exclusively expressed in black sheep skin, whereas 738 were downregulated. A total of 49 known coat color genes were expressed in sheep skin, 12 of which revealed high expression in black sheep skin (Table II) . A number of these upregulated genes, including TRP-2 (Dct), membrane-associated transporter protein, TYR and TRP-1 are members of melanosome components and their precursor ontology category.
TRP-2 mRNA expression.
In the skins of white sheep, light-colored and dark-colored regions of piebald sheep, and black sheep, the expression levels of the TRP-2 gene following PCR amplification was determined, by 0.8% gel electrophoresis. The results revealed that the four groups produced TRP-2 bands without any nonspecific background. TRP-2 was 1,586 bp (representative data shown, Fig. 1A (Fig. 1B) . TRP-2 mRNA expression levels in black sheep and dark-colored regions in piebald sheep were significantly increased compared white sheep and light-colored regions in piebald sheep ( Fig. 1B; P<0 .05). However, the difference in the expression levels of black sheep and dark-colored regions was not significant (Fig. 1B) . The difference in expression levels between white sheep and light-colored regions in piebald sheep was also not significant (Fig. 1B) . These findings suggested that differences in coat color of sheep may be associated with the TRP-2 mutation.
Immunolocalization and TRP-2 expression levels in sheep of various coat colors.
Immunohistochemical assays were performed to determine the localization of TRP-2 in sheep coats of various colors. TRP-2 was expressed in the epidermis, inner root sheath and dermal papilla of skins (representative data shown, Fig. 2A-D) . Different expression levels of TRP-2 were observed in various coat colors and in the same sheep at regions of different coat colors. In white sheep, TRP-2 staining was weakly positive ( Fig. 2A) , whereas that in black was strongly positive, particularly in the dermal papilla and inner root sheath melanocytes (Fig. 2C) . TRP-2 staining intensity was similar between single-colored sheep and those with various colored regions ( Fig. 2A-D) . TRP-2 expression levels were lowest in white-coated sheep and highest in black-coated sheep ( Fig. 2A and C) . Furthermore, the levels of TRP-2 in dark-colored areas were significantly higher compared with light-colored areas in piebald sheep ( Fig. 2D and B) . Melanin synthesis was associated with TRP-2 expression. The control group demonstrated no positive staining (Fig. 2E-H) .
Optical density analysis of the immunohistochemical results.
Average optical density values for TRP-2 were 2.13±0.14, 2.04±0.08, 1.21±0.06 and 1.00±0.06 in black skin, black dots, white dots and white skin, respectively (Fig. 3) . These values indicated that TRP-2 was expressed at 1.76-and 2.13-fold increased levels in black skin versus light-colored areas in piebald skin and white skin and 1.68-and 2.04-fold higher in dark-colored areas versus light-colored areas in piebald skin and white skin, respectively. No significant difference in TRP-2 expression between black skin and dark-colored areas in piebald skin was observed (Fig. 3) .
Detection of melanin following transfection of sheep melanocytes with TRP-2.
To determine the effects of TRP-2, TRP-2 was overexpressed by transfecting logarithmic-phase primary melanocytes with the TRP-2 plasmid. The melanocytes exhibited good growth conditions, with the morphology revealing polygon and dendritic protrusions. Following transfection, melanocytes demonstrated normal growth status and high transfection efficiency (Fig. 4A ). Cells transfected with the pLV.ExBi.P/Puro-CMV-eGFP-MCS-TYP2 construct demonstrated a 5-fold higher expression of TRP-2 compared with cells transfected with the pLV.ExBi.P/Puro-CMV-eGFP-MCS vector control (Fig. 4B) . The melanin content was 6.54±0.24, 6.19±0.54 and 13.08±0.69 µg/10 6 cells in the control, vector without TRP-2 and vector-TRP-2 group, respectively, suggesting that the overexpression of TRP-2 produced more melanin compared with the other groups (Fig. 4C) . These data support the hypothesis that TRP-2 overexpression may enhance melanin content and influence coat color synthesis. In addition, western blotting results demonstrated that TRP-2 protein levels were significantly increased 1.38-fold in cells overexpressing TRP-2 compared with those transfected with the vector control (Fig. 5A) .
It was demonstrated that MITF was significantly increased in the TYP2-overexpressing cells compared with the control group ( Fig. 5A and B) , suggesting that TRP-2 regulates expression of MITF.
Discussion
In mammals, the development of skin accessory organs, including hair follicles and hair shafts, involves cycles of growth (anagen), regression (catagen) and rest (telogen) (23) . Hair follicles have a complicated shape and structure and a three-dimensional conformation. They control hair cyclical growth and renew themselves. Once hair follicles are formed in the embryo, dermal papilla and the first half of the hair follicle do not alter further following birth, whereas the other hair follicles, along with stromal cells and nutrients, undergo cyclic alterations (24) . In the human mature follicle, dopamine-positive melanocytes are easily detected around the hair bulb base layer and dermal papilla, and moderately differentiated melanocytes may be detected in the base layer of sebaceous glands. Dopamine-negative melanocytes that cannot produce melanin distribute in the middle of the outer root sheath or base, whereas others are distributed in the peripheral region of the hair bulb and the adjacent matrix. It has previously been demonstrated that immature melanoblasts may exist in the mature follicles, and no dopa oxidase activity occurs in the absence of pigmented hair follicles; however, in certain dopamine-negative melanocytes, a small amount of TYR is detected. Similarly, the expression of mast/stem cell growth factor receptor, B-cell lymphoma 2 and non-pigmented melanocytes also exist in hair follicles which do not express TRP-1 and TRP-2 (25) .
The present study revealed that TRP-2 was expressed in various coat colors of adult sheep skins. TRP-2 existed in melanocytes at the root sheath in white sheep and in light-colored areas in piebald sheep. TRP-2 was expressed in melanocytes of dermal papilla and hair root sheaths in black sheep and dark-colored areas in piebald sheep, which was consistent with previous study (26) . These results suggested that melanocytes of hair follicles, dermal papilla and root sheaths in black sheep and back-colored regions in piebald sheep may produce melanin. On the contrary, the cells around hair root sheath in white sheep and light-colored regions may be dopa-negative melanocytes, which are not involved in melanin production.
The synthesis, transport, and distribution of melanin in the mammalian skin, hair follicles and eyes results in the appearance of various colors (16, 27) . In melanocytes, specific organelles called melanosomes produce melanin. TYR serves a vital role in this process and is responsible for catalyzing three different reactions of melanin: Catalysis to dopa, oxidation to dopaquinone, hydroxylation to dihydroxyindole. In addition, TRP-2 participates in melanin synthesis in certain reactions: TRP-2, which possesses the activity of dopa pigment isomerase, catalyzes dopa pigments into DHICA (28) . The present in vitro study suggested that overexpression of TRP-2 affects melanin production. In HeLa (29) and COS (26) cells, TRP-2 expression may lead to the extraction of dopa pigment from these cells into DHICA, which is the product of TRP-2 and may be used as substrates of TRP-1. TRP-2 is an important protein that affects the formation of melanin, and its expression and activity determines the speed of melanin production and yield. Tyrosine hydroxyl is converted to dopamine by TYR, whereas dobutamine is oxidized into dopaquinone and further into various derivatives. Melanin is a dopaquinone, indole-5 or 6 quinone and dopa pigment polymer. TRP-2 has become an important protein to study melanin traits and albinism.
TRP-2 shares 40% identity with TYR and is a useful marker for melanocyte differentiation. From dopaquinone, the eumelanin and pheomelanin pathways diverge. TRP-1 and TRP-2 are two crucial enzymes involved in eumelanogenesis. Pheomelanin is derived from conjugation by glutathione or thiol-containing cysteine. Therefore, pheomelanin is more photolabile and produces as by-products, hydrogen peroxide, hydroxyl radicals and superoxide, which result in further DNA damage. Individual melanocytes typically synthesize both eumelanins and pheomelanins, with the ratio of the two being determined by a balance of variables, including pigment enzyme expression and availability of tyrosine and sulfhydryl-containing reducing agents in the cells (30) .
In the present study, it was demonstrated that the TRP-2 protein was expressed in all coat colors of sheep, and the black and white coats, respectively. TRP-2 expression quantity and pigment production or coat color formation were associated. However, there was a direct association between black or white coats of sheep and TRP-2 expression. In conclusion, TRP-2 was expressed in sheep of all coat colors. To a certain extent, TRP-2 expression levels reflected the numbers of mature melanocytes in sheep of various coat colors, indicating an important role for TRP-2 in the regulation of melanin production and coat color formation in sheep. Whether the expression of TRP-2 affects eumelanin and pheomelanin formation in different coat-colored sheep skins require further investigation. The findings of the present study may provide novel insights for clinical research into skin diseases associated with pigmentation disorders.
